Mean lifetime of the b$^{0}_{s}$ meson by Abreu, P. et al.
Mean lifetime of the b0 s meson
P. Abreu, W. Adam, T. Adye, E. Agasi, R. Aleksan, G D. Alekseev, R.
Alemany, P P. Allport, S. Almehed, U. Amaldi, et al.
To cite this version:
P. Abreu, W. Adam, T. Adye, E. Agasi, R. Aleksan, et al.. Mean lifetime of the b0 s meson.




Submitted on 11 Feb 1999
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
CERN{PPE/96{32
6 March 1996














  h,   ` and inclusive D
s
nal states from








) = 1:67  0:14 ps:


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Ames Laboratory and Department of Physics, Iowa State University, Ames IA 50011, USA
2
Physics Department, Univ. Instelling Antwerpen, Universiteitsplein 1, B-2610 Wilrijk, Belgium
and IIHE, ULB-VUB, Pleinlaan 2, B-1050 Brussels, Belgium
and Faculte des Sciences, Univ. de l'Etat Mons, Av. Maistriau 19, B-7000 Mons, Belgium
3
Physics Laboratory, University of Athens, Solonos Str. 104, GR-10680 Athens, Greece
4
Department of Physics, University of Bergen, Allegaten 55, N-5007 Bergen, Norway
5
Dipartimento di Fisica, Universita di Bologna and INFN, Via Irnerio 46, I-40126 Bologna, Italy
6
Centro Brasileiro de Pesquisas F

isicas, rua Xavier Sigaud 150, RJ-22290 Rio de Janeiro, Brazil
and Depto. de F

isica, Pont. Univ. Catolica, C.P. 38071 RJ-22453 Rio de Janeiro, Brazil
and Inst. de F

isica, Univ. Estadual do Rio de Janeiro, rua S~ao Francisco Xavier 524, Rio de Janeiro, Brazil
7
Comenius University, Faculty of Mathematics and Physics, Mlynska Dolina, SK-84215 Bratislava, Slovakia
8
College de France, Lab. de Physique Corpusculaire, IN2P3-CNRS, F-75231 Paris Cedex 05, France
9
CERN, CH-1211 Geneva 23, Switzerland
10
Centre de Recherche Nucleaire, IN2P3 - CNRS/ULP - BP20, F-67037 Strasbourg Cedex, France
11
Institute of Nuclear Physics, N.C.S.R. Demokritos, P.O. Box 60228, GR-15310 Athens, Greece
12
FZU, Inst. of Physics of the C.A.S. High Energy Physics Division, Na Slovance 2, 180 40, Praha 8, Czech Republic
13
Dipartimento di Fisica, Universita di Genova and INFN, Via Dodecaneso 33, I-16146 Genova, Italy
14
Institut des Sciences Nucleaires, IN2P3-CNRS, Universite de Grenoble 1, F-38026 Grenoble Cedex, France
15
Research Institute for High Energy Physics, SEFT, P.O. Box 9, FIN-00014 Helsinki, Finland
16
Joint Institute for Nuclear Research, Dubna, Head Post Oce, P.O. Box 79, 101 000 Moscow, Russian Federation
17
Institut fur Experimentelle Kernphysik, Universitat Karlsruhe, Postfach 6980, D-76128 Karlsruhe, Germany
18
Institute of Nuclear Physics and University of Mining and Metalurgy, Ul. Kawiory 26a, PL-30055 Krakow, Poland
19
Universite de Paris-Sud, Lab. de l'Accelerateur Lineaire, IN2P3-CNRS, Ba^t. 200, F-91405 Orsay Cedex, France
20
School of Physics and Materials, University of Lancaster, Lancaster LA1 4YB, UK
21
LIP, IST, FCUL - Av. Elias Garcia, 14-1
o
, P-1000 Lisboa Codex, Portugal
22
Department of Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK
23
LPNHE, IN2P3-CNRS, Universites Paris VI et VII, Tour 33 (RdC), 4 place Jussieu, F-75252 Paris Cedex 05, France
24
Department of Physics, University of Lund, Solvegatan 14, S-22363 Lund, Sweden
25
Universite Claude Bernard de Lyon, IPNL, IN2P3-CNRS, F-69622 Villeurbanne Cedex, France
26
Universidad Complutense, Avda. Complutense s/n, E-28040 Madrid, Spain
27
Univ. d'Aix - Marseille II - CPP, IN2P3-CNRS, F-13288 Marseille Cedex 09, France
28
Dipartimento di Fisica, Universita di Milano and INFN, Via Celoria 16, I-20133 Milan, Italy
29
Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen 0, Denmark
30
NC, Nuclear Centre of MFF, Charles University, Areal MFF, V Holesovickach 2, 180 00, Praha 8, Czech Republic
31
NIKHEF-H, Postbus 41882, NL-1009 DB Amsterdam, The Netherlands
32
National Technical University, Physics Department, Zografou Campus, GR-15773 Athens, Greece
33
Physics Department, University of Oslo, Blindern, N-1000 Oslo 3, Norway
34
Dpto. Fisica, Univ. Oviedo, C/P. Perez Casas, S/N-33006 Oviedo, Spain
35
Department of Physics, University of Oxford, Keble Road, Oxford OX1 3RH, UK
36
Dipartimento di Fisica, Universita di Padova and INFN, Via Marzolo 8, I-35131 Padua, Italy
37
Rutherford Appleton Laboratory, Chilton, Didcot OX11 OQX, UK
38
Dipartimento di Fisica, Universita di Roma II and INFN, Tor Vergata, I-00173 Rome, Italy
39
Centre d'Etudes de Saclay, DSM/DAPNIA, F-91191 Gif-sur-Yvette Cedex, France
40
Istituto Superiore di Sanita, Ist. Naz. di Fisica Nucl. (INFN), Viale Regina Elena 299, I-00161 Rome, Italy
41
Instituto de Fisica de Cantabria (CSIC-UC), Avda. los Castros, S/N-39006 Santander, Spain, (CICYT-AEN93-0832)
42
Inst. for High Energy Physics, Serpukov P.O. Box 35, Protvino, (Moscow Region), Russian Federation
43
J. Stefan Institute and Department of Physics, University of Ljubljana, Jamova 39, SI-61000 Ljubljana, Slovenia
44
Fysikum, Stockholm University, Box 6730, S-113 85 Stockholm, Sweden
45
Dipartimento di Fisica Sperimentale, Universita di Torino and INFN, Via P. Giuria 1, I-10125 Turin, Italy
46
Dipartimento di Fisica, Universita di Trieste and INFN, Via A. Valerio 2, I-34127 Trieste, Italy
and Istituto di Fisica, Universita di Udine, I-33100 Udine, Italy
47
Univ. Federal do Rio de Janeiro, C.P. 68528 Cidade Univ., Ilha do Fund~ao BR-21945-970 Rio de Janeiro, Brazil
48
Department of Radiation Sciences, University of Uppsala, P.O. Box 535, S-751 21 Uppsala, Sweden
49




Osterr. Akad. d. Wissensch., Nikolsdorfergasse 18, A-1050 Vienna, Austria
51
Inst. Nuclear Studies and University of Warsaw, Ul. Hoza 69, PL-00681 Warsaw, Poland
52
Fachbereich Physik, University of Wuppertal, Postfach 100 127, D-42097 Wuppertal 1, Germany
53
On leave of absence from IHEP Serpukhov
11 Introduction




composed of a b and an s quark, are produced when the b quark combines with a strange
antiquark from an ss pair.
1
Since the probability of this occurring in a b quark jet is only
about 10%, fewer B
0
s
mesons are produced than non-strange





lifetime, decay channels which allow good rejection of non-strange

B hadrons
must therefore be used. In this paper, four dierent selections have been used to obtain
enriched samples in which the B
0
s
purity (i.e. the fraction of B
0
s
decays in the selected

B
hadron decays) lies between 50% and 90%.
The rst method (section 3) uses D
+
s
mesons correlated with a lepton (`, here mean-
ing a muon or electron) of opposite charge (i.e. `
 
) produced in the same hemisphere.
Requiring a lepton with large momentum transverse to the jet axis suppresses both in-
direct semileptonic

B meson decays (b! c! `
+
) and fake leptons (due to light hadrons
decaying to a lepton or being misidentied as a lepton). A high B
0
s
purity is obtained by
requiring the presence of a D
+
s


























The second method (section 4) uses events containing a D
+
s
meson and a hadron of high





mesons can originate from the hadronization of
charm quarks in Z! cc decays, from decays of non-strange

B hadrons which produce D
+
s
















purity of about 60% .
The third analysis (section 5) is more inclusive and concerns events in which a high
transverse momentum lepton is accompanied by a  meson in the same jet. Inclusive







decays have not been yet measured.
Nevertheless it has been shown [1] that the inclusive rates can be inferred with reasonable
accuracy from the measured exclusive decays. The high transverse momentum lepton




purity to around 50%.




approach provides high statistics of D
+
s
, but the estimates of the energy and of the ight
distance of the B
0
s




are from Z ! cc decays. The B
0
s
purity of the rest of the sample is around
55%.
The events used in these analyses correspond to about 3.2 million hadronic Z decays
recorded by DELPHI in 1991-1994. The rates and other quantities used in the calculation
of the dierent processes are given in Table 1. Additional details are given in the text.
1
In this paper, unless explicitly stated otherwise, corresponding statements for charge conjugate states are always
implied.
2
Pairs satisfying this opposite-charge correlation will often be called \right-sign", while the expression \wrong-sign" will
be used for D
+
s




















































































= Br(b! c! `) (8:22  0:42) 10
 2
[6]
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0:1583  0:0098 [6]
P (c! D
+
) 0.248  0.037 [9]
P (b! D
+

















! X) (1:7  0:3) 10
 2
[1]





were deduced from the measurements [7] of the average mixing proba-




obtained at LEP and at the (4S),




and the value of P
baryon
.
The latter was taken from measurements of 
c
production in c jets [8], assuming that it
is similar for 
b
in b jets and using a production rate of (2  2)% for strange B baryon
states.
2 Event selection and particle identication
The events used in this analysis were collected at LEP running at the Z resonance
with the DELPHI detector [11], whose performance is detailed in [12]. Hadronic decays
of the Z were selected with standard cuts on multiplicity and energy with an eciency
close to 95 % [12]. Each selected event was divided into two hemispheres separated by
the plane transverse to the sphericity axis. A clustering analysis based on the JETSET
algorithm LUCLUS with default parameters was used to dene jets using both charged
and neutral particles [13]. These jets were used to compute the p
out
t
of each particle of
the event as its momentum transverse to the axis of the rest of the jet it belonged to, i.e.
to the jet axis recomputed after removing the particle from the jet.
Simulated events were generated using the JETSET parton shower model [13] and
analysed in the same way as the real data events. The JETSET parameters were adjusted
from previous studies [14]. Semileptonic B hadron decays were simulated using the ISGW
[15] model with a fraction of 30% for D

production. Full simulation of the detector
response was included [16].
In DELPHI, lepton identication is based on the muon chambers and the electro-
magnetic calorimeters, charged hadron identication is performed using the Ring Image
CHerenkov (RICH) detectors and the Time Projection Chamber (TPC), and the Vertex
Detector (VD) is used in combination with the central tracking devices to measure the
3charged particle trajectories close to the beam interaction point very precisely and thus
to identify the charged particles coming from B or D meson decays.
The DELPHI reference frame is dened with z along the e
 
beam, x towards the
centre of LEP and y upwards. The angular coordinates are the polar angle , measured
from the z-axis, and the azimuth, , measured from the x-axis, while R is the distance
from the z-axis.
The muon chambers are drift chambers located at the periphery of DELPHI. The
barrel part ( 0:63 < cos() < 0:63) is composed of three sets of modules, each with
two active layers, and gives z and R coordinates. In the forward part, two layers of
two planes give the x and y coordinates in the transverse plane. The precision of these
detectors has to be taken into account for muon identication: it has been measured to
be 1 cm in z and 0:2 cm in R for the barrel part, and 0:4 cm for each of the two
coordinates given by the forward part. The number of absorption lengths determines the
hadron contamination and has a minimum of approximately 8 absorption lengths at 90

.
The muon identication algorithm is described in [12]. Loose selection criteria provided
an identication eciency within the acceptance of the muon chambers of 95 % for a
probability of misidentifying a pion as a muon of about 1:5%. Tighter cuts gave 76 %
eciency for a misidentication probability of 0.44 %.
Electrons are absorbed in the electromagnetic calorimeters. The High density Projec-
tion Chamber (HPC) covers the barrel part and provides three-dimensional information
on electromagnetic showers with a thickness of 18 radiation lengths. Calorimeters in
the endcap regions are not used in this analysis because their angular acceptance lies
outside the solid angle covered by the VD. The electron identication algorithm is de-
scribed in [12]. Inside the angular acceptance of the HPC, electrons of momentum above
3 GeV/c were identied with an eciency of 77  2 %. The probability of a pion being
misidentied as an electron was below 1 %.
Charged hadron identication relies on the RICH detector and on the energy loss,
dE/dx, measured in the TPC. The 192 sense wires of the TPC measure the specic
energy loss of charged particles as the 80% truncated mean of the amplitudes of the wire
signals, with a minimum requirement of 30 wires. This dE/dx measurement is available
for 75% of charged particles in hadronic jets, with a precision which has been measured
to be 6.7% in the momentum range 4 < p < 25 GeV/c . The RICH detector consists
of two parts: a liquid radiator and a gas radiator. The liquid radiator provides complete
p=K= separation in the momentum range 2.5 { 8 GeV/c by measuring the Cherenkov
angle with an average precision of 13 mrad. In this momentum range the gas radiator
operates in the \veto" mode (kaons and protons give no Cherenkov photons and are thus
distinguished from pions and leptons, but not from each other), but above 8 GeV/c it
distinguishes kaons from all other charged particles, again by measuring the radius of
the ring of detected Cherenkov photons. A complete description of the RICH detector is
given in [17].
During the rst part of the period of data taking concerned (1991 to 1993), the VD
[18] consisted of three cylinders of silicon strip detectors, at average radii of 6.3, 9 and 11
cm. Each cylinder measured the R coordinates of charged particle tracks intersecting it
with a precision of  8m. The association of this detector to the central tracking system










is in GeV/c units) on the impact parameters of charged
particles with respect to the primary vertex. For data registered in 1994, the inner and the
outer shells of the VD were equipped with double sided detectors, providing also accurate
z measurements. However, for both 1991-1993 and 1994 data, the B decay length L was






is the measured distance between the primary
and the B decay vertex in the plane transverse to the beam direction and 
B
is the polar







In this analysis, the B
0
s
lifetimewas measured using D
+
s
mesons correlated with a lepton
of opposite charge with high transverse momentum p
out
t



































































decays were reconstructed by making all possible
combinations of three charged particles in the same event hemisphere and imposing the
following kinematic cuts (some cuts were tuned dierently in 91-93 and 94 data to make










) > 1 GeV=c and p(
+
) > 1 GeV=c ,
 jM() M
PDG
()j < 9 MeV=c
2
,

















) > 1 GeV=c, p(K
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) > 7 GeV=c.
where p is the momentum,M the reconstructed mass, and the subscript PDG indicates
world average values [19]. Each track had also to be associated to at least one hit in the
silicon vertex detector (VD) and the three tracks were tested for geometrical compatibility








Particle identication, based on information from the Cherenkov detectors and on the






decays, at least one of the two kaons was selected by the \very loose"
4







decays, the bachelor kaon ( K
+
) was identied \very loosely" for 91-93 data and \loosely"
for 94, while the other kaon was identied as at least:
3
There are 2N   3 degrees of freedom for each vertex, where N is the number of outgoing tracks, here N = 3.
4
\Very loose" kaon identication means simply that the track was not identied as being due to a pion.








)j < 50 MeV=c
2
,








)j < 40 MeV=c
2
,






)j < 30 MeV=c
2
,
and the kaon identication was used as a veto for the pion coming from K
?0
.
The background was further reduced by considering the angular distribution of the
three particles involved in the decay. Since the D
+
s
is a pseudoscalar, its two body decay
is isotropic, whereas the background consists of random track combinations that are more
asymmetric. Hence cos() >  0:9 ( 0:8) was required, where  is the angle, in the D
+
s




) direction and the D
+
s
line of ight in the laboratory




into a vector (K
?0




), helicity conservation implies that
the distribution of the angle  , in the vector meson rest frame, between the directions




), follows a cos
2
 






















were obtained by considering all pairs of tracks of opposite sign, and applying the \tight"
selection criteria described in [12]. The K
0
S
trajectory and the K
+
track were tested for





vertex) < 20. Since the
track parameters of the K
0
S
had large measurement errors, at least one VD hit associated
to the charged kaon was required in order to improve the vertex resolution. To reduce






) > 2 GeV=c, p(D
+
s




Using the measured position of the D
+
s




and their measurement errors, a D
+
s
pseudotrack was reconstructed and used to form a
common vertex (the candidate B
0
s
vertex) with an identied lepton (electron or muon) of
opposite charge in the same hemisphere. The lepton was required to have high momentum
(p > 3 GeV=c) and high transverse momentum (p
out
t
> 1:2 GeV=c) to suppress fake
leptons and cascade decays (b! c! `
+
) of non-strange B hadrons; the lepton track had
also to be associated to at least one hit in the VD.
Further background reduction was obtained by requiring 3:0 <M(D
+
s











vertex) < 20. In the D
+
s












served in each channel (Figure 1). For each decay channel, table 2 gives the measured
number of events in the D
+
s
signal and the ratio of the signal to the combinatorial back-
ground.
The mass distributions were tted using two Gaussian distributions of equal widths





signals (the ratio between these two signals is expected to
be 3 : 1) and an exponential for the combinatorial background. The D
+
mass was xed
to the nominal value of 1:869 GeV=c
2
[19]. The t to the overall distribution, (Figure 2),
yielded a signal of 91  12 D
+
s
decays in \right-sign" combinations, centred at a mass of
1:964 0:003 GeV=c
2
with a width of 16 2 MeV=c
2
. As expected from the simulation,



























24  5 ' 1.8
Table 2: Numbers of D
+
s
signal events and signal to combinatorial background ratios in
the three decay channels. The level of the combinatorial background was evaluated using




than \right-sign" combinations in the background, due to local charge conservation, is
also reproduced by the simulation.




meson lifetime was measured using the events in the \right-sign" sample lying
in a mass interval of 2 centred on the measured D
+
s
mass. The fraction of events in
this sample due to the combinatorial background was evaluated from the t to the mass
distribution of \right-sign" events. It was found to be f
comb
= 0:356  0:071.
There are several contributions to the D
+
s









































In addition to the signal part, the following background contributions were considered:




































Using for Br(D ! `X) the inclusive rate of leptons from cascade decays measured
at LEP (B
bcl













About the same number of \right-sign" events is produced from this source of back-
ground as from the signal (Table 1). However the selection eciency is lower for















pair from non-strange B meson decay, with the lepton emitted from direct









in B decays not originating from W
+
! cs, has been measured by CLEO
[20], but no measurement of this production in semileptonic decays exists yet. This
process implies the production of a D
??
followed by its decay into D
s
K. This decay is
5





. Similar expressions hold for the other
decay modes used.
7suppressed by phase space (the D
s
K system has a large mass) and by the additional


































decays in which a 
+
is misidentied as a K
+
are expected to give candidates in the D
+
s
mass region. If the D
+
is accompanied






X, it simulates a B
0
s




















However the simulation shows that a true D
+
decaying into K would appear in





















one. In the simulation, after the
identication cuts have been applied, the fractions of events from these kinematic
reections with respect to the B
0
s
semileptonic decays were R
refl
= 0:054  0:015
and R
refl










As no excess of events was observed in the \wrong-sign" category, the possible back-
ground coming from true D
+
s
coupled to a fake lepton was neglected.
Thus the fractions of the D
+
s




































































= 0:89  0:03:




is slightly lower for the other two
channels.
3.3 Lifetime measurement




For each event, the B
0
s


























The corresponding error 
t









































ight direction, as estimated from the D
+
s
{` momentum vector. The distribution of






decays was tted with a double Gaussian distribution, giving widths of 269
m and 1:4 mm for 77% and 23% of the events respectively (Figure 3a). Widths of






These estimates were obtained after a tuning procedure involving additional smearing
of the impact parameters and broadening of the errors in the simulation to match the
data more precisely [22]. The remaining dierence between real and simulated data was
checked using events which, with a high probability, did not contain heavy avour decays.
The resolution was studied using events with negative reconstructed decay lengths, for
which resolution eects should dominate. After the tuning, the agreement between real























The neutrino energy E








where the visible energy (E
vis
) is the sum of the energies of charged particles and photons
in the same hemisphere as the D
+
s
  ` candidate and E
tot
is the total energy in that
hemisphere. E
tot


















are the hemisphere invariant masses on the same and opposite sides
respectively. They were introduced to account for events in which a sizeable fraction of
the centre-of-mass energy was carried away by hard gluon radiation. The neutrino energy
E

was then calculated from E
miss












The parameters a = 0:214  0:008 and b =  8:78  0:30 GeV were estimated from the
simulated events. The nal B
s
momentum resolution was 8:0% (see Figure 3b). The
relative error on the B
0
s

















where  = 0:20 0:02 and  = 0:0030  0:0005 (GeV=c)
 1
.
To check the reliability of the B
0
s
momentumestimate, the distribution of the estimated








 events was compared with that from real data.
The latter was obtained by subtracting the estimated momentum distribution of the
combinatorial background, taken in the D
+
s
side bands, from that of the events in the
signal region. The comparison is shown in Figure 3c. The dierence between the mean
9values of the two distributions is 0:1  0:7 GeV /c. The error was used to evaluate the









lifetime and the lifetime distribution of the combinatorial background were
tted simultaneously, using a) the \right-sign" events situated within a mass interval of






  ` pairs) and at the same time b) the
\right-sign" events situated in the side-bands and the \wrong-sign" events in the mass
region between 1.75 and 2.2 GeV=c
2



























































contains four components whose relative fractions f , described in Section 3.2.1, were kept




signal, whose probability density distribution was assumed to be the con-
volution of a Gaussian resolution function G(t; 
t
) with an exponential of slope







































dx where x is the true lifetime,
t the measured one, and 
t
is the uncertainty on the measured lifetime.





















was estimated by tting the proper time distribution measured in sim-








= (1:92  0:20) ps. This eective lifetime is
longer than the average b lifetime because the B momentum was underestimated for
these events.













was set to the average b-hadron lifetime: 
B
= (1:537  0:021) ps [23].



















to represent a prompt (zero lifetime) and also a long-living background component;




were left free to vary in the t and were found to
be  = 0:22  0:03,  = 0:70  0:02, 
+
= 1:54  0:10 ps, 
 
= 0:99  0:18 ps.
10
The value of 
+
is similar to the mean B hadron lifetime, as expected due to the
enrichment of the sample in bb events. The negative exponential (third term) takes
into account the possibility that negative apparent decay lengths may arise from the
event topology rather than from resolution eects.




semileptonic decays, generated with a lifetime of 1:6 ps and passed through the same
selection cuts as the real data. The lifetime obtained for this sample was 1:56  0:04 ps.
Figure 4 shows the proper time distribution for real data events in the signal region
and for \wrong-sign" and side-band combinations. The tted B
0
s











Systematic errors arise from uncertainties on the level and on the parameterization of
the combinatorial background. This latter was evaluated by using only the wrong-sign or
only the side-band events as well as dierent P
comb
parameterizations. Other systematic


















sets of systematic errors come from the B
0
s
momentum evaluation, from the dierence
between real and simulated data, and from the uncertainty associated with the impact
parameter rescaling. The relevant parameters were all varied by 1, and the corre-
sponding variations on the tted B
0
s
lifetime are reported in Table 3. Finally the lifetime
was corrected by +0:04ps for the dierence between the generated value ( = 1:6 ps) and
the value tted in the simulated B
0
s
sample ( = 1:56 0:04 ps), since this dierence was
interpreted as a possible remaining bias due to limitations of the model used in the t
and the acceptance of the cuts used. The statistical error (0:04) of this comparison was
































analysis but instead of the lepton it uses a
charged hadron. It provides larger statistics but suers from an ambiguity in the choice








Two decay modes of the D
+
s


























candidates were reconstructed by making
combinations of three charged particles in the same event hemisphere each of momentum
above 1 GeV/c and associated to at least 1 VD hit. The invariant mass of the 
candidates had to be within 12 MeV=c
2
of the nominal  mass and the  momentum
had to be larger than 5 GeV/c . Using the standard DELPHI algorithm [12,17] for
particle identication, at least one charged particle had to be at least a \loose" kaon
11








































 (L) rescaling Data/MC
+0:005
 0:009














invariant mass was within 4 MeV=c
2
of the nominal  mass, otherwise
at least one \standard" kaon was requested. The value of j cos( )j, dened in section
3.1, had to be above 0.4. The invariant mass of the K
?0
candidates had to be within
60 MeV=c
2
of the nominal K
?0
mass value and the K
?0
momentum had to exceed 6.5
GeV/c (4 GeV/c for 1994 data). The momentum of the bachelor kaon ( K
+
) had to









reection, the bachelor kaon (K
+
) had to be identied as at least a








had to be at least \loosely" identied.
The value of j cos( )j had to be above 0.6 (0.8) if the mass of the K
?0
candidate was less
(more) than 30 MeV=c
2






decay channels, the pions were chosen among the particles that were not









vertex) had to be below 20.
Figure 5 shows the inclusive D
+
s
































reection is small. The t was performed using



















found with tted masses of 1.970  0.002 GeV/c
2
and 1.969  0.002 GeV/c
2
respectively.






The procedure consisted in preselecting, using an impact parameter technique, a sam-
ple of tracks coming predominantly from B hadron decay and accompanying the D
+
s








and for the B momentum estimate.
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4.2.1 Preselection of the tracks accompanying the D
+
s
The impact parameter  with respect to the primary vertex is on average smaller for




also arising directly or indirectly from B hadron decay (\B{tracks"). Also, the average
momentum is lower for NB{tracks than for B{tracks, so the average error, (), is higher.
Therefore the dierence between NB{tracks and B{tracks can be amplied by using the












are the impact parameters calculated with respect to the primary and to the D
+
s
vertex respectively. This is illustrated in Figure 6.
The preselected sample contains the tracks satisfying the following criteria:






















)j > 10 and p
track
> 2 GeV/c .
In the simulation about 83% of B{tracks and 35% of NB{tracks passed these cuts.
4.2.2 Selection of the hadron candidate
The hadron was searched for amongst the preselected tracks in the event using the
following criteria:
 it is not a \standard" or \tight" identied lepton with p
out
t
> 1 GeV/c; if such lepton



















candidates, the purity f
h
of the selected
















and the eciency of the selection was about 80%.



















sources, the production rate of D
s











), measured by the ALEPH, DELPHI and OPAL Collaborations [4], and












), measured at the (4S)
by the CLEO and ARGUS Collaborations [3], were used. Two processes contribute to

















. The second is the decay of the B
0
s







and has been evaluated assuming that this mechanism has the same probability for all




. Averaging the results of the three




















) = (0:39  0:09)  10
 2
:
The fraction of D

s








= (0:33  0:03)  10
 2
:
The relative contribution from direct charm was estimated from the measurement of D
+
s
production in charm events from CLEO and ARGUS [5], taking into account the Z partial








= (0:23  0:03)  10
 2
:










To suppress the cc and light quark backgrounds, the b-tagging technique [12,22] was
applied. The probability was calculated that the tracks in the given hemisphere come
from the primary vertex. Because of the long B lifetime this was much lower for events




had to be lower than 20%. This cut kept almost 80% of the bb events and reduced
the charm background by more than a factor 2.








show the corresponding distributions. Only decays with accompanying charged multiplic-
ity N
tracks
below 5 were retained, considerably suppressing the combinatorial background






















About 45% of the D
+
s
in these decays are accompanied by a kaon of the same charge.




searched for and events containing such kaons were removed. This cut rejects a larger
fraction of B
ns
background than of D
+
s
from other sources (Figures 7a-d).
The agreement between simulation and real data was veried by comparing the charged




mesons in the signal region, which was again taken as a mass interval of
2 around the tted D
+
s
mass. The shapes of these distributions (Figure 7e-f) and the
numbers of rejected events | (26.7  2.7)% in the real data and (28.8  1.1)% in the qq
simulation | are in agreement.
The fractions of the D
+
s
signal due to the dierent sources before and after applying
the selection criteria
6
are given in Table 4. Uncertainties are dominated by the errors
on the measured production rates (Table 1), the uncertainty coming from the simulation
statistics being small. The nal B
0
s
purity of the sample is 0.60, whereas the fraction
of charm events R
cb




charm and from beauty hadrons, is 0.13. Note that the nal B
0
s
purity has been noticeably










Figure 8 shows the D
+
s





selection. The number of D
+
s
candidates was obtained by tting these distributions in the same way as the inclusive D
+
s




mode only one Gaussian was
used for the D
+
s
signal since in this case no clear signal of D
+





























sample composition was evaluated taking into





























41.1  5.9 52.7  6.5
B
ns
34.7  4.1 35.5  5.4
Charm 24.2  3.4 11.8  2.2
Table 4: Fractions of the dierent components in the inclusive D
+
s
signal. The last column





events after applying all the cuts.















The percentages of D
+
s




were (56.3  8.0) % and (49.7  9.8)% respectively. As was discussed in Section 4.1,






















was evaluated from simulation using the numbers quoted in Table 1 for the D
+
fraction
in cc events and the probability to have a D
+
in B meson decays. Taking into account the






nal states, the reection





sample was found to be (1.3  0.7)%. These events
come mainly from B hadron decays and their small contribution was included in the
fraction of B
ns




situated within 2 of the nominal mass was:
 fraction from B
0
s




= (23:6  4:1)%;
 fraction from B
ns
with correct hadron: f
B
ns
= (16:5  3:2)%;





with wrong hadron: f
B
h
= (7:7  1:9)%;
 fraction from cc events: f
c
c
= (6:3  1:4)%;
 fraction from combinatorial background: f
comb
= (45:9 6:2)%;
where \correct hadron" means a hadron coming from the B decay whereas \wrong
hadron" means one from the primary vertex.
4.3 Lifetime measurement
4.3.1 Proper time measurement

































angle of the B
0
s




The ability of the simulation to reproduce the tracking resolution in the real data well
was checked in the same way as in Section 3.3.1. The decay length resolutions obtained
by tting to a double Gaussian function were 310 m for 64% of B
0
s
and 1:7 mm for
the remaining 36% (Figure 9a), to be compared with 390 m for 59% of B
ns
events and





decay is emitted mainly together
with another D meson, the hadron selected in these decays often did not originate directly
15
from the B vertex, resulting in a worse resolution. In almost 50% of the B
ns
decays, the
two charmed mesons are accompanied by an extra track which can be selected in place










contains a small component in which the selected hadron comes from a second D
s
decay.





were taken into account in the likelihood
t.
In order to reconstruct the B hadron momentum, p
B




the preselected tracks, as dened in Section 4.2.1, were summed. A small contribution due
to neutrals and tracks without VD hits, provided that their absolute value of the rapidity





where E is the energy of the particle assuming the pion mass and P
L
its longitudinal
momentum with respect to the thrust axis of the event.
The reconstructed momentum was corrected to take into account the correlation be-
tween the resolution and the value of the momentum itself. After this correction, the
overall resolution (Figure 9b) on p
B
was 13% and varied from 27% at low p
B
to 6% in
the high momentum region. In simulated events, the direction 
fl
of the reconstructed
momentum was found to coincide with the true ight direction of the parent B hadron
with an accuracy 

fl
of 25 mrad. Figure 9c compares the reconstructed B energy distri-
bution for the real events in the signal region after combinatorial background subtraction
with that for the corresponding events from the qq simulation. The shapes of the distri-
butions agree: the dierence between the mean energies for the real and simulated data
is 0:2 0:5 GeV.
The B hadron decay proper time was estimated as in Section 3.3.1 and the correspond-
ing error 
t





lifetime and the time distribution of the combinatorial background were tted
simultaneously, using a) selected events in the D
+
s








band between 2.1 and 2.3 GeV=c
2
































are the measured proper time and its error for the i{th event. The


































where the relative fractions f , described in section 4.2.4, were kept xed in the t and













 The probability density distribution for the B
0
s
signal was assumed to be an expo-







) convoluted with a Gaussian

















 The probability density distribution for the B
ns
















tted on the simulated data generated with a 1.6 ps lifetime was 1.578 




= 1.516  0.062 ps.
 The proper time distribution for D
+
s
from cc events was well approximated by a
Gaussian centred on zero. For D
+
s
from bb events accompanied by a hadron from the
interaction point, there is a small positive tail since the D
+
s
does not point back to
the primary vertex but to the B hadron decay vertex. The proper time distribution
























(for t < 0):
All the above coecients c
i
(i = 1; 5) and 
0
were taken from simulation and kept
xed in the t.
 The probability density distribution for the combinatorial background was parame-
terized with a Gaussian plus an exponential term and with a component similar to
the B
ns


































(for t < 0):
where the parameters p
i
(i = 1; 6) and 
comb
were left free to vary in the t.
Figure 10 shows the proper time distributions for events in the signal region and for
the side{band combinatorial background. The tted B
0
s














summarized in Table 5.




sources was obtained by 1 variation of the fractions f used in the likelihood
t, excluding f
comb
which was studied separately. Two additional eects may have an




is poorly known experimentally. It gives an uncertainty in the multiplicity distribution
for the preselected tracks accompanying the D
+
s
meson. The cut imposed on N
tracks
was
varied by 1 for B
0
s
events, keeping for the other D
+
s




fraction varied between 21:0% and 25:2%. The second eect concerns
the eciency of the b-tagging procedure used to suppress the cc component. The cc
fraction was estimated to vary between 5:4% and 7:5%.








decays was rather small and it was included in
the B
ns
fraction. No signicant eect on the B
0
s
lifetime was found assuming that this
reection came totally from cc events. The procedure of removing events with the \same-
sign" kaon accompanying the D
+
s
meson can bring some bias due to the possible dierence
17




































Momentum resolution Data/MC 0.025






















in the kaon identication eciency between real and simulated data. In the signal region
after combinatorial background subtraction, the number of rejected events was found to
be a factor 1:04  0:03 bigger in the real data than in the simulation. The inuence of






taken from simulation were varied within their errors to determine
the contribution to the systematic uncertainty. The systematic error coming from the
possible dierence between real and simulated data in the B momentum estimation was
evaluated using the dierence of the mean values of the two distributions discussed in
Section 4.3.1. The lifetime of the B
ns
component tted on the simulated data was also
varied by 1.
Finally the simulated B
0
s
events, generated with a lifetime of 1:6 ps and passed through
the same selection cuts as the real data, have a tted lifetime of 1:59  0:08 ps. The
statistical error of this comparison ( 0:08 ) was included in the systematic error. After
correcting for this possible analysis bias, the measured B
0
s








(stat:)  0:12 (syst:) ps:
5 The -lepton analysis




nied by a  meson in the same jet. The high p
out
t
lepton enriches the sample in direct
semileptonic decays and the presence of the  enriches its B
0
s
purity to around 50%.
5.1 Selection of  - lepton events
The analysis was limited to 1993 and 1994 data. The  meson was reconstructed




decay mode. The charged particles of the event were separated
into two hemispheres with respect to the thrust axis. The invariant mass was calculated
18
for all pairs of particles, assumed to be kaons, with opposite charge and situated in the
same hemisphere as an identied lepton, The momenta of the kaon candidates had to
exceed 1.5 GeV/c (2.0 GeV/c ), that of the  candidate had to exceed 3.5 GeV/c (4.0





) for data taken in 1994 (1993). These kinematic cuts were made
tighter for data taken in 1993 in order to obtain a similar signal to background ratio.
In addition, at least one of the kaon candidates had to be identied as such by the
dE/dx measurement in the TPC or by the RICH detectors (identication of both kaon
candidates was required for 1993 data) [12].




than 1 GeV/c were considered in the analysis. The latter cut strongly suppressed the







) and from cascade B semileptonic
decays (b! c! `
+
).
The invariant mass distribution for kaon pairs is shown in Figure 11. It was tted
with a Breit-Wigner to account for the signal and a polynomial expression to describe the
combinatorial background. The background parameterization describes well the shape of
this distribution as obtained from the simulation. A signal of 43362 events was observed
at a mass of m





= 11:0 1:5 MeV in agreement with
the simulation prediction.
5.2 Composition of the selected sample
For the measurement of the B
0
s
lifetime, events in the  meson signal region were used.





. Several mechanisms which produce a  meson were
studied.
Processes induced by b quarks are:
 Semileptonic decays of B
0
s
mesons resulting in a  meson in the nal state through


































means a non-strange D meson.
 Semileptonic decays of non-strange B mesons resulting in a  meson in the nal


















Non-strange B meson semileptonic decays to a D
+
s
are highly suppressed, as shown
in Section 3.2.1, so they have not been included.
 Cascade decays (b!c! `
+
) of strange and non-strange B mesons where the lep-
ton and the  meson are produced in semileptonic charmed meson decays. Three
dierent processes can contribute:
1. The initial B meson is not strange and the  and the ` are produced through











( Br(D! `X) Br(D
+
s
! X) + Br(D
s
! `X) Br(D! X) ):
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2. The initial B meson is a B
0
s
and both the  and the ` are produced through the

























3. The initial B meson is not strange and both the  and the ` are produced




















The relative contributions of these processes, after imposing the cut, were determined




purity of the sample, dened as the fraction of B
0
s















), has to be determined. To a very good approxi-















These two processes are very similar from the kinematic point of view and the dierence











































! X) ) ):
Using the values given in Table 1 and the inclusive value for the semileptonic branching
fraction, which is justied because the branching ratios D
0
! X and D
+
! X are





The main sources of background are:
 Semileptonic decays of charmed mesons produced directly in the Z decay (only D
s














where the production of strange mesons is assumed to be the same in the b and
c sectors and equal to P
s
. With the cuts described above the contribution of this
process in the simulated sample was negligible.
 Fake leptons arising from light hadron decays and misidentication. In the simulated
sample their relative contribution was f
fake
= 0:11  0:02.
 Events tagged by a lepton with the  meson produced as part of the original frag-
mentation. In the simulated sample their relative contribution was 0:030  0:006.
 Combinatorial background. From the t to this mass distribution, the fraction of
such events in the signal sample was found to be f
comb
= 0:629  0:085.
5.3 Lifetime measurement













were retained. The decay length was determined as before. Its measurement
20
error was inferred from simulated data to be 371 28 m (Figure 12a). A small fraction
of events ( 6%) had a decay distance resolution of approximately 4 mm. The agreement




momentum, the reconstructed momentum p(`) of the   ` system was used.
The simulation shows that the fraction of the B
0
s
momentum carried by the   ` system
grows linearly with the B
0
s






= a+ b p(`)








momentum with an average error of about 16% (Figure 12b). Figure 12c
compares the momentum distribution of the reconstructed    ` system obtained for
simulated hadronic Z decays with the same distribution measured in real data after sub-
tracting the combinatorial background, taken from the  upper side-band. The agreement
is satisfactory. The dierence between the mean values of the two distributions is 0:30:4




invariant mass were also compared and no signicant dierence was found between real
and simulated data. The proper decay time and its measurement error were obtained
using the same expressions as in section 4.3.
5.3.2 Likelihood t
For events in the  meson signal region, an unbinned maximum likelihood t was






















































 For the probability density distribution of B
0
s
decays an exponential convoluted with



























 The probability density distribution of non-strange B meson decays P
B
was assumed








 The proper decay time distribution of the combinatorial background was parame-
terized as a Gaussian term for the non-ying background and the convolution of a






























were obtained from an unbinned maximumlikelihood


















= 0:475  0:011 and 
comb
= 1:57  0:05 ps.
 The contribution from events with a fake lepton was considered together with the
two small contributions from events with the meson from fragmentation and events
21
from cascade decays. The probability density distribution, P
fake
, was constructed



























The parameters were obtained from the t to the corresponding proper decay time
distribution obtained from simulated events (Figure 13c): f
fake
G
= 0:501  0:012,

fake
= 1:76 0:07 ps.
Figure 13a shows the proper decay time distribution of events in the signal region.





= 1:74  0:20(stat:) ps:




meson decays generated with a lifetime of 1.6 ps. The tted lifetime was 1:580:08 ps.
5.3.3 Systematic errors



































Decay distance resolution Data/MC
+0:03
 0:03








In the analysis of possible sources of systematic error, each xed parameter of the
likelihood function L was varied by its error. The most important were the parameters
describing the combinatorial background. Other important contributions were from the
dierence between the real and the simulated data in the parameterization of the B
0
s
momentumand the ight distance. As in the previous analyses, the lifetimewas corrected
by the dierence between the generated and tted values on the simulated data, in this
case +0:02  0:08 ps. Including the systematic error, the B
0
s





























decay modes were used.
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All charged particles forming a D
+
s
candidate had to have momentum above 1 GeV/c

























systems had to be larger
than 5 GeV/c and 8 GeV/c respectively. The values of cos() and j cos( )j were re-












vertex to be larger than 1%. The decay






) had to exceed 1 mm, where L
xy
is the measured distance be-
tween the primary and the D
+
s





is the polar angle of the D
+
s
candidate. Both kaons were required to be loosely
identied. Figure 14a shows the obtained D
+
s




measured by tting this distribution using an exponential dependence for the combina-
torial background and Gaussian distributions for the D
+
s
and D signals. The mass and
width of the D
+
s
signal were left as free parameters in the t. The total number of D
+
s








As before, all charged particles forming a D
+
s
candidate had to have momentum above 1



























systems had to exceed 3 GeV/c and 8
GeV/c respectively. As for the  channel, the cuts on the two angular distributions
were cos()
>





vertex had to exceed 0:01:






) had to be larger than 0:7 mm. The main
contamination in the D
+
s
signal region comes from D
+






with the pion mistaken as a kaon. To reduce this contamination to a negligible level,
good particle identication was required by selecting only \tight" kaons; this provides a
rejection factor larger than 30 against pions. The eect of this identication was veried
on data and found to be in agreement with the simulation. Figure 14b shows the D
+
s




decay channel. Applying the same tting procedure as for
the 
+
decay channel yielded a total of 174  29 candidates.
6.2 Composition of the inclusive D
s
sample
The composition of the inclusive D
s
sample before the selection cuts was as given in the




and non-strange B hadrons decaying into a D
+
s






= 1:05  0:06
in the simulation. The B
0
s





= 0:57  0:06:




decays coming from cc relative to bb given in
Table 4 was corrected by the ratio of the eciencies, 1:11 0:04 and 1:05 0:08 for 
+
23





0:1  l < 0:2 112  19
0:2  l < 0:4 114  18
0:4  l < 0:8 103  16
0:8  l < 1:0 18  7
1:0  l 18  6








0:07  l < 0:2 65  15
0:2  l < 0:5 81  16
0:5  l < 1:0 37  9
1:0  l 11  4















respectively. It follows that:
R
cb














meson lifetime was determined from the decay length distribution of the D
+
s
mesons. For each decay length interval, the number of D
+
s
candidates over the combina-






decay channels respectively. The decay length distributions of these tted signals, shown
in Figure 15, were then compared to predictions from a simulation in which the B meson







xed at their central values and the corresponding uncertainties were included in the
systematic errors.
To measure the B
0
s
lifetime, ve distance intervals were dened for the 
+
channel








together with their associated errors, for both channels. The ight distance distributions




distribution, the B momentum spectrum for a given D
+
s
momentum, and a Gaussian
smearing of 360  80 m on the D
+
s




) = 1:58  0:26 ps:
The method was also applied to a simulated sample of D
+
s







lifetime in this sample was 1.6 ps and the D
+
s
lifetime was 0.44 ps. The




non strange B (B
ns
) decays gave 1.60  0.06 ps.
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) parameterization for cc () 0:012
P(D
s
























6.3.2 Evaluation of systematic errors
The various sources of systematic errors and their contribution to the tted lifetime
are given in Table 8. R
cb
was varied by one standard deviation around its central value,
as was the B
0
s
purity of the sample. The average lifetime for the non strange B mesons




lifetime was taken from [19]. The parameters describing the momentum of the D
+
s
taken from the simulation for the cc component were varied by their statistical errors in an
uncorrelated way. The error on the mean momentum fraction taken by beauty or charmed





parameters in the Peterson fragmentation function by one standard deviation
around their measured values. The decay length resolution was varied in the simulation
by 80 m. Finally the lifetime was corrected for the dierence between the generated
value ( = 1:6 ps) and the value tted in the simulated B
0
s
sample ( = 1:58  0:08 ps)
since this dierence was interpreted as a possible remaining bias coming from limitations
of the model tted and the cuts used. The statistical error (0:08 ps) of this comparison














meson lifetime has been studied with four dierent and complementary meth-
































= 1:76  0:20 (stat:)
+0:15
 0:10






= 1:60  0:26 (stat:)
+0:13
 0:15
(syst:) ps inclusive D
+
s
To combine these measurements, the statistical correlations were taken in account. They
































 !   `






































 !   `
















sample, etc. Considering the common systematic errors (from branching ratios and
lifetimes) and the above statistical correlations, the full covariance error matrix was
calculated [23] and the mean B
0
s





= 1:67  0:14 ps:





We are greatly indebted to our technical collaborators and to the funding agencies for
their support in building and operating the DELPHI detector, and to the members of
the CERN-SL Division for the excellent performance of the LEP collider.
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` analysis: Invariant mass distributions for D
+
s




decay channels, accompanied by a lepton of opposite sign present in the
same hemisphere and with p
out
t
above 1.2 GeV/c. The \wrong-sign" combinations are












The points with error bars correspond to \right-sign" combinations while the shaded















decay modes of the D
+
s
. The curves show the ts described in the text. c) Com-
parison between the momentum distribution from simulated events and that estimated








` analysis: a) Likelihood t for events in the signal mass region. The points
show the data and the curves correspond to the dierent contributions to the selected





















decay channels; c) shows the invariant mass
distribution for the combinations shown in b) if the K
+
is assigned the 
+
mass. The




h analysis: simulated impact parameter distributions combined with their




and coming directly or indirectly from the B decay (B{tracks). In both
gures the impact parameter 
Z
is calculated with respect to the primary vertex while

D
















mesons and coming from dierent sources. The lightly hatched areas show the eect of
removing identied \right{sign" kaons. The heavily hatched areas show the eect of the
multiplicity cut. The next two gures show the charged particle multiplicity distributions






























h analysis: a) B
0
s
decay length resolution: L
rec
is the reconstructed decay
length and L
gen
is its generated value. b) The B meson momentum resolution: P
rec
is
the reconstructed momentum and P
gen
is its generated value. Both distributions were
tted with a superimposition of two Gaussians. c) Comparison between the energy dis-
tribution from simulated events and that estimated from real data by subtracting the
energy distribution of the events in the D
+
s





h analysis: a) Fitted proper time distribution for events in the signal mass
region. The solid line shows the result of the maximum likelihood t. b) Fitted proper


























Figure 11: ` analysis: Invariant mass distribution of the kaon pair candidates. Points





























































Figure 12: ` analysis: The dierence betweenmeasured and generated decay distance (a)
and momentum (b) of the B
s
0
meson. c) Comparison of the B momentum distributions
for events in the  meson signal region after background subtraction: the points represent






























































Figure 13: ` analysis: a) Proper decay time distribution for the events in the  meson
signal region: points represent the data, the line is the result of the maximum likelihood
t. The lightly shaded area shows the contribution of the combinatorial background, and
the heavily shaded one the contribution from misidentied leptons or leptons from light
hadron decays. b) Proper decay time distribution for the events in the side wing of the
kaon pair invariant mass distribution. c) Same distribution for simulated events with
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Figure 14: Inclusive D
s








. The t is the sum of two Gaussian distributions to describe the D
s
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Figure 15: Inclusive D
s




points represent the data and the histogram shows the result of the t.
